Introduction
All Chl-binding proteins functioning in photosynthesis are thylakoid membrane proteins and contain both Chls and carotenoids. The structures and functions of thylakoidal Chl-binding proteins have been extensively studied (for reviews, see Saenger et al. 2002 , Mulo et al. 2008 . In addition, the major biochemical processes of the Chl metabolic and catabolic pathways in chloroplasts have been elucidated (for reviews, see Tanaka and Tanaka 2007, Hörtensteiner and Kräutler 2011) . Because Chls and their metabolic intermediates are phototoxic, plants establish a variety of defense systems to avoid oxidative damages caused by radical species derived from these pigments. However, our knowledge is still much more limited in terms of scavenging systems of Chls when chloroplasts are injured. Several plant groups are known to possess water-soluble Chl-binding proteins (WSCPs), which are highly hydrophilic and contain no carotenoid. It has been hypothesized that WSCPs may act as carriers of Chls (Kamimura et al. 1997) .
The first isolated WSCP from Chenopodium album drastically changes its own absorption spectrum in response to irradiation with visible light (Yakushiji et al. 1963) . Such photoconvertible WSCPs have been detected in Atriplex, Polygonum and Amaranthus species (Takamiya 1973, Goedheer and Vos 1977) and are categorized as Class I WSCPs (Satoh et al. 2001 ).
The second class of WSCPs, non-photoconvertible WSCPs, have been found in Brassicaceae plants, e.g. cauliflower , wild mustard , Virginia pepperweed , Murata and Ishikawa 1981 , Itoh et al. 1982 , Brussels sprout (Kamimura et al. 1997) and Japanese radish (Shinashi et al. 2000) . These Class II WSCPs are further divided into two categories, Class IIA and Class IIB WSCPs, on the basis of their Chl a/b ratio. The former group exhibits a higher Chl a/b ratio (6.3 to 10.0) compared with the ratio in total leaf extract, and the latter group exhibits a lower ratio (1.0 to 3.5) (Satoh et al 2001) . Among the WSCPs analyzed so far, a WSCP from Virginia pepperweed (LvWSCP) is the only example of a Class IIB WSCP (Satoh et al. 2001) .
Previously, cDNAs of Class IIA WSCPs have been cloned from cauliflower (Satoh et al. 1998 ) and Japanese radish (Satoh et al. 2002) . The monomeric form of recombinant apo-cauliflower WSCP (cauWSCP) is able to remove Chl molecules from isolated thylakoid membranes and thereby convert to a tetrameric form (Satoh et al. 1998) . Electron paramagnetic resonance (EPR) measurements using recombinant cauWSCP demonstrated that the WSCP functioned as a photo-protective molecule (Schmidt et al. 2003) . Recently, X-ray crystal structural analysis of LvWSCP revealed the mechanism of the photo-protective function (Horigome et al. 2007 ).
The amino acid sequence of cauWSCP exhibited high homology to BnD22, a drought-stress-induced 22 kDa protein in Brassica napus (Nishio and Satoh 1997, Satoh et al. 1998) . Recombinant BnD22 expressed in Escherichia coli could bind both Chl a and Chl b, suggesting that BnD22 might be a WSCP in rapeseed (Satoh et al. 1998) . Both BnD22 and cauWSCP are known to possess a sequence motif found in a Kunitz-type proteinase inhibitor (KTI) (Nishio and Satoh 1997, Satoh et al. 1998) . Proteomic analysis of rapeseed under nitrogen-deficient conditions indicated that the trypsin inhibitor activity of BnD22 was important for nitrogen mobilization in young leaves of the plant (Desclos et al. 2008) . All these data suggest the importance of WSCP functions during stress conditions. However, the relationships among the drought stress inducibility, proteolytic inhibitory and Chl-binding ability of WSCPs are still an enigma. Although the precursor of cauWSCP possesses a deduced signal peptide targeted to the endoplasmic reticulum (ER) (Satoh et al. 1998) , there are no experimental data on the intracellular localization of WSCPs to date. Clarification of the intracellular localization of Class II WSCPs is indispensable to predict the physiological function(s) of the proteins.
A WSCP from Brussels sprouts (BoWSCP) has been purified and its biochemical and physicochemical properties have been characterized (Kamimura et al. 1997) . Although both Brussels sprouts and cauliflower are subspecies of Brassica oleracea, the properties of BoWSCP and cauWSCP exhibit discrepancies (for a review, see Satoh et al. 2001) . In brief, the Chl a/b ratios of cauWSCP and BoWSCP are 6.3 and 10.0, respectively, and Chl contents in the WSCP complexes are estimated to be 2 and 1, respectively. BoWSCP shows the highest Chl a/b ratio among the Class II WSCPs so far analyzed. The molecular structures and pigment composition of the Class II WSCPs are much simpler than those of the thylakoidal Chl-binding proteins. Therefore, recombinant cauWSCP has been used as a suitable model for investigating the Chl-Chl or Chl-protein interaction in Chl-binding proteins (Theiss et al. 2007 , Schmitt et al. 2008 , Renger et al. 2009 , Renger et al. 2011 .
In this study, we performed molecular cloning and functional expression of BoWSCP in E. coli to investigate the molecular properties of the recombinant BoWSCP. In addition, we analyzed the intracellular localization of the protein by the construction of transgenic plants expressing a fluorescent protein fused with the signal peptide of BoWSCP.
Results
Amplification and molecular cloning of the BoWSCP cDNA and gene Thirty-one residues of the N-terminus of mature BoWSCP were completely identical to a region in cauWSCP, and only one of these 31 residues differs from a region in BnD22 (Kamimura et al. 1997, Nishio and Satoh 1997) . Because the nucleotide sequences of the 5 0 -untranslated region (UTR) and 3 0 -UTR of BnD22 and cauWSCP cDNAs were perfectly matched, we hypothesized that the 5 0 -UTR and 3 0 -UTR might be highly homologous among the cDNAs of BoWSCP, cauWSCP and BnD22. We used a primer set corresponding to the 5 0 -UTR and 3 0 -UTR of cauWSCP to amplify the complete protein-coding region of BoWSCP. Subsequently, we cloned the amplified cDNA into a plasmid vector, and then the nucleotide sequences of eight independent clones were determined. All eight of the clones possessed the same sequence containing a 654 bp open reading frame encoding a protein of 218 amino acid residues (Fig. 1) . The deduced amino acid sequence of BoWSCP cDNA contained the 31 residues of the N-terminal region of mature BoWSCP. Thus, we concluded that the clone encodes BoWSCP.
We also amplified, cloned and sequenced the genomic DNA region corresponding to BoWSCP. The sequence was perfectly matched with that of the cDNA, indicating that BoWSCP is an intron-less gene.
Sequence comparisons of Class II WSCPs
The deduced amino acid sequences of Class IIA WSCPs from Brussels sprouts, cauliflower, rapeseed (BnD22) and Japanese radish, and the Class IIB WSCP from Virginia pepperweed were aligned with the program Clustal X (Fig. 2) , and a phylogenetic tree was generated (Fig. 3) . The sequence from BoWSCP exhibited the highest homology to that of cauWSCP (99%), followed in order by those of BnD22 (94%), Japanese radish WSCP (RsWSCP) (88%) and LvWSCP (41%). High sequence homologies (>94%) were detected among Class IIA WSCPs in Brassica plants, whereas the homologies between RsWSCP and BoWSCP were slightly lower (88%). However, the sequence homologies among Class IIA WSCPs are high (>85%). On the other hand, the sequence homology between the Class IIA and Class IIB WSCPs was much lower (41%) than the values among Class IIA WSCPs. (Thompson et al. 1997) . The amino acid residues that differ from the sequence in BoWSCP are highlighted with a black background. The regions between black or gray arrows indicate the signal peptide and C-terminal cleavage region, respectively. A motif for the Kunitz proteinase inhibitor family is indicated by a black bar. A region homologous to the (F/Y)DPLGL motif is indicated by a gray bar.
The sequence of 19 N-terminal amino acid residues was predicted to be a signal peptide that targets the ER based on analysis using the program TargetP. The amino acid sequence of the signal peptide of BoWSCP was completely matched with those of cauWSCP and BnD22. All known Class II WSCPs, including RsWSCP and LvWSCP, were predicted to contain signal sequences targeting the ER.
MALDI-TOF MS analysis of BoWSCP and possible post-translational processing in the C-terminus
The molecular size of native BoWSCP was determined to be 78 kDa based on gel filtration chromatography and that of its subunit was found to be 22 kDa by SDS-PAGE, suggesting that the native BoWSCP was comprised of three or four subunits (Kamimura et al. 1997) . To determine the molecular mass of BoWSCP, matrix-assisted laser desorption ionization time-offlight mass spectrometry (MALDI-TOF MS) analysis was performed. A single major peak at 19,008.523 was observed on the spectrogram (Fig. 4) , although some minor peaks considered to be contaminants were also detected. Therefore, we concluded that the molecular mass of monomer BoWSCP was 19,008.523 Da. This molecular mass corresponded to that of the deduced amino acid residues spanning from residue 20, which is the N-terminus of the mature form, to residue 197, with an error of 0.049%. This indicates that the 21 residues of the C-terminal region had been removed post-translationally.
Purification of His-tag-fused recombinant BoWSCP expressed in E. coli
We prepared an expression construct of recombinant BoWSCP by fusing hexa-histidine at the C-terminus (BoWSCP-His). BoWSCP-His was composed of the mature region of BoWSCP without its signal and the C-terminal cleavage regions of a BoWSCP precursor.
About 70% of the BoWSCP-His expressed in E. coli was detected in an inclusion body fraction, and the remaining 30% of BoWSCP-His was found in the soluble fraction (Fig. 5A) . The soluble BoWSCP-His fraction was loaded onto Ni 2+ charged resin. After washing off the resin, BoWSCP-His was eluted by a buffer containing 0.5 M imidazole. Almost 95% of BoWSCP-His was eluted into the No. 2 fraction (Fig. 5B) . Then the fraction was dialyzed against 20 mM Tris-HCl (pH 8.0). The resulting BoWSCP-His fraction was used in the following experiments.
Assay of BoWSCP-His binding to Chls in thylakoid membranes
To examine the Chl-binding ability of BoWSCP-His in aqueous solution, BoWSCP-His was mixed with purified thylakoid membranes containing a 10-fold molar excess of Chls. Subsequently, reconstituted BoWSCP-His was purified by native PAGE. The absorption spectra of reconstituted BoWSCP-His and native WSCP exhibited high identity in both the red and Soret bands (Fig. 6 ). The peak wavelengths of both proteins in the red band appeared to be 673 nm, and the other peak wavelengths were almost identical ( Table 1 ). The identity of the spectrometric properties of both proteins indicated that the Chl-binding activity of BoWSCP-His was identical to that of the native BoWSCP.
Assay of binding of BoWSCP-His to purified Chls
The Chl a/b ratios of plants, including Brassicaceae, grown under normal conditions had values of approximately 3. Kamimura et al. (1997) reported that native BoWSCP contained Chl a and Chl b at a ratio of 10 : 1. Therefore, BoWSCP might possess a higher affinity for Chl a than Chl b in plant tissues. To assess the binding specificity of BoWSCP-His to purified Chl a and/or Chl b, the following reconstitution analyses were performed. BoWSCP-His was mixed with an excess molar amount of Chl a, Chl b or a mixture with an equal molar ratio of Chl a to Chl b in 40% of methanol. Then the reconstituted BoWSCP-His preparations were subjected to Ni 2+ -chelating affinity chromatography (Fig. 7) . All eluted No. 2 fractions exhibited a greenish color, indicating that BoWSCP-His was able to bind both Chl a and Chl b. In this experiment, free Chls were detected in the flow-through and washed fractions during the chromatography. In addition, we also reconstituted BoWSCP in mixtures of two different Chl a/b ratios, i.e. 3.0, which was the same Chl a/b ratio as in plant leaves, and 10.0, which was the same Chl a/b ratio as in native-BoWSCP.
The UV-visible absorption spectra (300-750 nm) of the native BoWSCP and the BoWSCP-His reconstituted in different Chl a/b ratios were measured (Fig. 8) . Table 1 summarizes the absorption peaks of each. Six major peaks at 343, 384, 423, 437, 629 and 673 nm and two small shoulders at 468 and 584 nm were observed in the native BoWSCP (Fig. 8A) . The shape of the absorption spectrum and the peak wavelengths of BoWSCP-His reconstituted with Chl a (Fig. 8B) were similar to those of native BoWSCP, except for the small shoulder at 468 nm ( Fig. 8B) , which was attributed to Chl b. On the other hand, the absorption peaks of BoWSCP-His reconstituted with Chl b contained four major peaks at 345, 463, 613 and 657 nm (Fig. 8C) . These absorption peaks were drastically different from those of the native BoWSCP (Fig. 8A) . The absorption spectrum of BoWSCP-His reconstituted with an equal molar ratio of Chl a to Chl b (Chl a/b = 1.0; Fig. 8D ) shared features of the spectrum of BoWSCP-His reconstituted with Chl a (Fig. 8B) and that with Chl b (Fig. 8C) . When BoWSCP-His was reconstituted in a mixture with Chl a/b = 3.0, which is a ratio similar to that in plant leaves (Fig. 8E) , the absorption peak at 464 nm became lower than in the spectra shown in Fig. 8D (Chl a/ b = 1.0). When the reconstitution was performed with a mixture with Chl a/b = 10.0, the peak at 464 nm was diminished and the absorption spectrum of the reconstituted BoWSCP-His (Fig. 8F) was almost identical to that of the native BoWSCP (Fig. 8A) . Thus, we concluded that the binding affinities of BoWSCP for Chl a or Chl b are very different in 40% methanol.
Analyses of the oligomerization of BoWSCP-His by EMSA
The molar ratio of Chls and protein in WSCP was uncertain. A cauWSCP required two molecules of Chl a or Chl b to form a tetramer (Satoh et al. 1998) . A crystal of a tetramer of LvWSCP contained four Chl molecules (Horigome et al. 2007 ). Native BoWSCP has been reported to contain a single Chl molecule in an oligomer (Kamimura et al. 1997) . To investigate the number of Chl molecules required to form a tetramer of BoWSCP-His, we performed electrophoretic mobility shift assay (EMSA) of reconstituted BoWSCP-His with a series of different concentrations of Chl a or Chl b (Fig. 9) . When BoWSCP-His was incubated with an equivalent number of molecules of Chls a or b, most of the BoWSCP-His formed tetramers, indicating that BoWSCP required an equal number of molecules of Chls to form a tetramer. We could not detect any difference in the reconstitution behavior between Chl a and Chl b. This result might support the idea that BoWSCP-His did not distinguish Chl a and Chl b under this reconstitution condition. Chls in thylakoidal proteins can be extracted easily into organic solvents, such as 80% acetone. On the other hand, Chls in native BoWSCP could not be extracted in 80% acetone or ethanol (Kamimura et al. 1997 ). Thus we attempted to extract Chls from native BoWSCP by using 80% acetone after digestion of WSCP with proteinase K in 1% SDS at 37 C overnight; however, we could not extract Chls completely after the treatment because of the high resistance of WSCP to proteinase K. Therefore, we could not determine the Chl content of the native and reconstituted BoWSCP directly.
Intracellular localization of BoWSCP
Sequence analysis of BoWSCP indicated that the protein possessed an N-terminal signal peptide targeted to the ER. The structure of the ER is dynamic and plastic compared with that of other organelles such as chloroplasts and mitochondria. Classically, the ER is categorized into three major domains, the rough ER, smooth ER and the nuclear envelope. However, various ER-derived structures have been detected from various plants. Chls are located only in chloroplasts, while BoWSCP possess a signal peptide targeted to the ER. Identification of the intracellular localization of BoWSCP is critically important for prediction of the physiological function(s) of WSCP.
To address the intracellular localization of BoWSCP, we constructed a transgenic Arabidopsis thaliana (35S::N-signal::Venus) expressing a chimeric protein that was composed of the N-terminal signal peptide and Venus, a yellow fluorescent protein (Fig. 10A) . We also constructed a transgenic plant (35S::Venus) expressing non-modified Venus as a control. The correctness of the transformants was confirmed by PCR analysis with primer sets (Signal F/Venus R and Venus F/Venus R) (Fig. 10A, B) . Fluorescence images of the root cells of 1-week-old transformants (T 2 generation) are shown in Fig. 10C . The fluorescence emitted from Venus of 35S::Venus was detected in both the cytoplasm and nucleus (left panel of Fig. 10C ). On the other hand, the fluorescence from Venus of 35S::N-signal::Venus was detected in spindle-shaped structures (right panel of Fig. 10C ). The spindle-shaped structures had a length of 5-10 mm and width of 1 mm, and were detected in the leaves, hypocotyls and roots of the seedling of the transformant. Interestingly, these structures in the leaves and hypocotyls were drastically decreased in the 2-week-old transformant (data not shown). These results are completely consistent with previous observations on the shape and pattern of appearance of the ER body, an ER-derived compartment (Matsushima et al. 2002) . In addition, identical structures of the ER body, previously termed dilated cisternae of the ER, have also been found in the cells of various Brassicaceae plants, including B. oleracea, Brassica nigra, Lepidium sativum and Raphanus sativus (Iversen 1970) . Therefore, we conclude that BoWSCP is located in the ER body.
Discussion
WSCPs exhibit several unique properties, i.e. they are highly hydrophilic and contain only Chl molecules without any carotenoid, unlike the other Chl-binding proteins functioning in photosynthesis. Therefore, some recent studies on both pigment-pigment and pigment-protein interactions have employed recombinant cauWSCP as a simple and suitable model (Theiss et al. 2007 , Schmitt et al. 2008 , Renger et al. 2009 , Renger et al. 2011 . A cauWSCP exhibited higher Chl a/b compared with that of total leaf extract, and thus it was categorized into Class IIA. Other Class IIA WSCPs were extracted from Brussels sprouts (Kamimura et al. 1997 ) and Japanese radish (Shinashi et al. 2000) . The cDNA sequence of the WSCP from Japanese radish has been determined (Satoh et al. 2002) , whereas that of BoWSCP had not been cloned even though BoWSCP exhibited the highest Chl a/b ratio among the Class II WSCPs reported. The photochemical and photophysical properties of some members of Class II WSCPs exhibited high diversity. Accordingly, it is important to identify the cDNAs encoding WSCPs that exhibit different properties, in order to investigate the interaction and energy transfer between Chl-Chl and/or Chl-protein in a simple model. Therefore, in this study, we performed molecular cloning of BoWSCP, which exhibited the highest Chl a/b ratio among the known Class II WSCPs.
A 31 bp region of the N-terminal amino acids of native BoWSCP was completely included in the deduced amino acids of a cDNA clone, confirming that the cDNA encodes BoWSCP (Fig. 1) . The cDNA is comprised of an open reading frame of 218 amino acid residues. The molecular mass of the native BoWSCP was 19,008.523 (Fig. 4) , which corresponds to residues 20-197 of the precursor of BoWSCP. Hence, the BoWSCP precursor could be divided into three regions: an N-terminal cleaved region, a mature protein region and a C-terminal cleaved region. The C-terminal cleaved region of BoWSCP was highly conserved in Class II WSCPs (Fig. 2) . BoWSCP possessed the conserved seven amino acid motif (L[K/R]MFPFY) (Satoh et al. 2001) . A previous study reported that the C-terminal 22 ± 1 amino acid residues of BnD22 also underwent post-translational cleavage to produce a mature 19 kDa protein (Ilami et al. 1997) . The physiological functions of this region are still unclear. However, mature WSCPs and BnD22 that lack this region have been shown to exhibit both Chl binding and in vivo trypsin inhibitor activity, indicating that this region is not essential for these activities. Schmidt et al. (2003) expressed a functional cauWSCP fused with a histidine-tag in E. coli as a soluble protein. We also constructed a recombinant BoWSCP as a hexa-histidine fused protein in the C-terminus (Fig. 5) . Purified BoWSCP-His could bind both Chl a and Chl b (Fig. 7) . Although native BoWSCP bound Chl a and Chl b at a 10 : 1 ratio (Kamimura et al. 1997 ), BoWSCP-His bound Chl a and Chl b with almost the same affinity in 40% methanol (Fig. 8) . This difference in the Chl a/ b ratio might be due to the difference in the conditions of Chls as substrates. Native BoWSCP is considered to be reconstituted with Chls in thylakoid membranes, whereas BoWSCP-His is reconstituted with free Chls in the organic solvent. This might suggest that Chl a in thylakoid membranes is a more suitable substrate for WSCP than Chl b.
cauWSCP requires a 1 : 2 molar ratio of Chls to protein to form a tetramer (Satoh et al. 1998 ), whereas native LvWSCP contains an equal molar ratio of Chls to protein (Horigome et al. 2007) , indicating that the composition of Chls may be different in each of the WSCP species. In the present study, we demonstrated that BoWSCP required an equal molar ratio of Chl a to Chl b to form a tetramer (Fig. 9) . The Chl content of the BoWSCP complex was estimated to be one per complex (Kamimura et al. 1997) . Because a WSCP contains four Chl molecules in a tightly packed interfacial space of four protein subunits (Horigome et al. 2007) , it is difficult to extract intact Chls from a tetramer of native WSCP under mild conditions, e.g. in 80% acetone. Removal of Chls from the native WSCPs requires multiple steps and a strong organic solvent such as 2-butanone that may damage the Chl molecules. This difficulty in removing the intact Chls from WSCP might be one of the reasons for the variation in the Chl to protein ratios in different preparations. Therefore, we tried to remove Chls under mild conditions with proteinase K to estimate the Chl content in BoWSCP, but we still could not completely extract Chls from the complex.
The N-terminal cleaved region possesses the perfect signature of a signal peptide, including the '-1, -3 rule', targeting a secretory pathway (von Heijne 1983 , von Heijne 1988 . TargetP (Nielsen et al. 1997 , Emanuelsson et al. 2000 , a program for predicting subcellular localization, also suggested that BoWSCP was transported into the ER. Furthermore, the N-terminal cleaved peptides of RsWSCP and LvWSCP were also predicted to be transported into the ER. However, there have been no experimental data on the intracellular localization of the Class II WSCPs identified to date. Therefore, in the present study, we analyzed the intracellular targeting function of the N-terminal signal peptide through an analysis using a transgenic plant expressing the N-terminal peptide fused to Venus. The fluorescence emitted from the chimeric protein was observed in the spindle-shapes structures (Fig. 10C) considered to be ER bodies. Thus far, ER bodies have been found only in Brassicaceae plants, and Class II WSCPs have also been detected only in Brassicaceae plants. It should be noted that ER bodies in leaves disappear with the progression of growth under non-stress conditions, but the formation of the ER bodies is induced by wounding or treatment with methyl jasmonate, which is a well known hormone that mediates the resistance response to pathogen attack (Matsushima et al. 2002) . Thus the ER body may function in plant resistance against pathogen attacks (Matsushima et al. 2002) .
Previously, the ER body was detected in a transgenic plant expressing SP-GFP-HDEL, which is a construct consisting of green fluorescent protein (GFP) fused to a signal peptide at its N-terminus and the His-Asp-Glu-Leu (HDEL) sequence, an ER retention signal, at its C-terminus (Hayashi et al. 2001) . In the present study, we detected the fluorescence in the ER body in a 35S::N-signal::Venus transgenic plant that expresses a chimeric protein without a C-terminal HDEL sequence, indicating that the HDEL C-terminal ER retention signal peptide was not essential for the WSCP localization and retention in the ER body.
Proteomic analysis on nai1, one of the first identified ER body-deficient mutants, revealed that PYK10, which is one of the b-glucosidases in A. thaliana, was highly accumulated in the ER body (Matsushima et al. 2003) . PYK10 is considered to function during the defense response against pest/pathogen attack by producing toxic products derived from b-glucosides, i.e. scopolin and esculin (Ahn et al. 2010) . PYK10 activity has been reported to increase by aggregation of PYK10 with jacalin-related lectins and GDSL lipase-like protein, located in the cytosol and vacuoles, respectively . Recently, an activation model of b-glucosidases, including PYK10, in the ER body was proposed (for a review, see Yamada et al. 2011) . In brief, PYK10 and its substrate and activator proteins are stored in separate compartments in healthy cells. However, once the cells are damaged by pests, the ER body and vacuoles are disrupted, and then PYK10 leaks from the ER body and binds to its substrates and activators to produce toxic compounds against the pests. Based on this activation model of the PYK10 and photoprotective ability of Class II WSCPs (Schmidt et al. 2003 , Horigome et al. 2007 ), we propose a dynamic model of the Chl-binding mechanism of Class II WSCPs (Fig. 11) . In healthy cells, apo-WSCPs are stored in the ER body (Fig. 10C) . When cells are disrupted and serious damage to the organelles including chloroplasts and the ER bodies occurs, apo-WSCPs are released from the ER body, and then immediately scavenge Chls located in the damaged thylakoid membranes to suppress the production of reactive oxygen species derived from the Chls.
A KTI motif was highly conserved in Class II WSCP. KTI is one of the serine proteinase inhibitors found in various plants, including soybean, rice, rapeseed, cauliflower, tomato, tobacco and A. thaliana. Expression of these KTIs is induced during various stress responses, e.g. drought (Downing et al. 1992 , Gosti et al. 1995 , Ilami et al. 1997 , salinity , leaf detachment (Nishio and Satoh 1997) , mechanical wounding (Jiménez et al. 2008 ) and biotic stress (Li et al. 2008) . A recent study demonstrated that tobacco KTI functioned in antifungal activity (Huang et al. 2010) . Although neither purified BnD22 nor cauWSCP were able to inhibit trypsin and chymotrypsin in vitro (Ilami et al. 1997, Nishio and Satoh 1997) , a recent study reported that the delay of senescence in young leaves of rapeseed under nitrate deprivation conditions was concomitant with an accumulation of trypsin inhibitor activity consistent with a high level of BnD22 transcripts (Etienne et al. 2007 ). This observation indicated that BnD22 possessed proteinase inhibitor activity in vivo (Etienne et al. 2007 ). In addition, proteomic analysis of young leaves from rapeseed under nitrogen-deficient conditions demonstrated that a 19 kDa protein harboring trypsin inhibitor activity was identical to BnD22 (Desclos et al. 2008) . The ER body has been reported to fuse with the vacuoles under high salinity conditions (Hayashi et al. 2001) , suggesting that BnD22/apo-WSCP may possess another possible function as a KTI to inhibit proteinase in vacuoles under stress conditions. Interestingly, the drought-stress-induced gene Dr4 (At1g73330), which contains a KTI motif and one of the Class II WSCP homologous genes in A. thaliana, was co-expressed with NAI2, which encodes an essential protein for the formation of the ER body (Yamada et al. 2008 ).
In conclusion, we succeeded in the molecular cloning, functional expression and elucidation of the intracellular localization of BoWSCP. WSCP and BnD22 have been studied by several research groups, each of which reported independently that WSCP/BnD22 are stress-inducing, Chl-binding, proteinaseinhibiting, radical-scavenging proteins. Previously, theses confusing properties prevented us from simply defining the physiological functions of WSCP/BnD22. In this study, we proposed that one of the possible functions of WSCP/BnD22 may be to scavenge Chl in damaged cells to prevent Chl-induced photooxidative damage. Clarification of the relationship between the Chl-binding activity and KTI function of WSCP will be our next goal.
Materials and Methods

Plant material and purification of native BoWSCP
The native BoWSCP was extracted from 10 kg of Brussels sprouts (B. oleracea var. gemmifera) purchased from local markets. All procedures for extraction and purification of the WSCP were performed according to Kamimura et al. (1997) . The protein concentration was determined by the bicinchoninic acid method using a kit from Sigma with bovine serum albumin (BSA) as a standard.
Mass spectrometry of BoWSCP
The molecular mass of native BoWSCP was analyzed with a MALDI-TOF MS spectrometer (UltrafleXtreme TOF-MS; Bruker Daltonics) in positive ion mode. The matrix used was a-cyano-4-hydroxy cinnamic acid, which was dissolved in 50% acetonitrile acid containing 0.1% trifluoroacetic acid (TFA). The BoWSCP solution (10 mg ml
À1
) was dissolved in 10-20% acetonitrile containing 0.1% TFA, then mixed with an equal volume of the matrix solution.
Cloning of the BoWSCP cDNA and gene
Total RNA of the leaves of Brussels sprouts was isolated using an RNeasy Mini kit (Qiagen). First-strand cDNA was synthesized with 1 mg of total RNA and 1 mM oligo (dT) 20 primer using a ReverTra Ace kit (Toyobo) according to the manufacturer's protocol. PCR amplification was performed using the primers 5 0 -CCCCAAAACACACACAAAACAATCAAAATG-3 0 and 5 0 -C AGGATTTTTACAATATTACATGATTTTG-3 0 to obtain the protein-coding region of BoWSCP. The PCR conditions were 94 C for 2 min, followed by 25 cycles of 94 C for 1 min, 60 C for 30 s and 68 C for 30 s. The PCR product was ligated into pGEM-T easy vector (Promega) and an E. coli strain (DH5a) was transformed. DNA sequencing was performed using an ABI PRISM 310 Genetic Analyzer (Applied Biosystems).
Sequence analysis
Nucleotide sequences of Class II WSCPs from cauliflower, rapeseed, Japanese radish and L. virginicum (DDBJ accession No s. AB012699, X65637, AB071430 and AB002589, respectively) were obtained from DNA databases. Alignment and phylogenic analysis of the deduced amino acid sequences of the WSCPs were performed with Clustal X (Thompson et al. 1997) . The branch lengths are proportional to the genetic distances by the Neighbor-Joining method (Saitou and Nei 1987) .
Expression and purification of His-tag-fused recombinant BoWSCP
An expression construct of the mature form of BoWSCP was generated by fusing the hexa-histidine at its C-terminus. The DNA region corresponding to the mature BoWSCP was excised by PCR with the primers 5 0 -CATATGAGAGAACAGGTGAAGG ACTCCAACG-3 0 and 5 0 -CTCGAGAGCATCATCATCAACCTTC ACGAAC-3 0 and a DNA polymerase, KOD-Plus-Neo (Toyobo). The amplification conditions were 94 C for 2 min, followed by 25 cycles of 94 C for 1 min, 60 C for 30 s and 68 C for 30 s. After digestion of the PCR product with NdeI and XhoI, the DNA fragment was ligated into the pET-24b vector (Novagen) pre-digested with the same restriction enzymes. The construct was used for transformation of E. coli BL21 (DE3) codon plus (Novagen).
The E. coli harboring the expression construct was grown at 37 C in LB medium containing 50 mg ml À1 kanamycin until the A 600 of the culture reached 0.4. Protein expression was induced by the addition of isopropyl b-D-1-thiogalactopyranoside (IPTG) to the cultures at a final concentration of 1 mM, and incubation was continued at 37 C for 3 h. The cells were harvested and suspended in a buffer (20 mM Tris-HCl, pH 8.0, 500 mM NaCl), and disrupted by sonication. Then, the cell debris was removed by centrifugation and the supernatant was loaded onto a Bio-Scale Mini Profinity IMAC Cartridge (Bio-Rad) for the Ni 2+ -chelating affinity chromatography according to the manufacturer's protocol. The recombinant protein was recovered by elution with imidazole buffer (20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 500 mM imidazole). The eluted protein fraction was dialyzed against 20 mM Tris-HCl buffer and stored at À20 C until use.
Reconstitution of recombinant BoWSCP-His with thylakoid membranes
Thylakoid membranes were prepared from leaves of spinach purchased from a local market, according to the methods of Nakayama et al. (1986) . The composition and concentration of Chls of purified thylakoid membranes were determined according to Porra (2002) . To reconstitute BoWSCP-His, 50 nmol of BoWSCP-His was mixed with thylakoid membranes containing 500 nmol Chls (Chl a/b ratio = 3.3) in an aqueous solution of 20 mM Tris-HCl (pH 8.0) containing 0.5 M NaCl and 1 mM EDTA at 25 C for 1 h. After centrifugation (16,000 Â g for 30 min), the supernatant was collected and was subjected to native PAGE (detergent-free) using an 8% polyacrylamide gel to separate reconstituted BoWSCP-His. Subsequently, the greenish band was cut and the gel was ground in a buffer (20 mM Tris-HCl, pH 8.0) and centrifuged to extract reconstituted BoWSCP-His. The UV-visible absorption spectra of the extracted BoWSCP-His and native BoWSCP between 300 and 750 nm were measured using a U-3300 spectrophotometer (Hitachi).
Reconstitution of His-tag fused recombinant BoWSCP with purified Chls a or b Chls a and b were extracted from spinach leaves according to the method of Kobayashi et al. (1988) with modifications. Spinach leaves and anhydrous disodium hydrogen phosphate were frozen together in a mortar with liquid nitrogen and ground to a powder with a pestle. The total pigments including Chl a and Chl b were extracted with chloroform. After paper filtration, the filtrate was immediately dried by a rotary evaporator. The dried pigments were redissolved in 100% methanol, and Chl a and Chl b were separated by HPLC with a Unicil Pack C18 (Gasukuro Kogyo) using 100% methanol as an eluent. The concentrations of purified Chls a and b were determined according to Porra (2002) .
For the analysis of the Chl-binding ability of BoWSCP-His, 50 nmol of BoWSCP-His was mixed with 500 nmol each of Chl a or Chl b, or mixtures containing Chl a and b in different ratios, i.e. Chl a : Chl b = 250 : 250 (1 : 1), 300 : 100 (3 : 1) or 1,000 : 100 (10 : 1) nmol in 40% methanol and 20 mM . After incubation at 25 C for 30 min in darkness, the reconstituted BoWSCP-His was purified by Ni 2+ -chelating affinity chromatography as described above. The UV-visible absorption spectra of native BoWSCP and a series of the reconstituted proteins between 300 and 750 nm were measured using the same spectrophotometer as described above.
EMSA for BoWSCP-His
The monomer of cauWSCP expressed in E. coli was bound to a Chl molecule and converted into a tetramer (Satoh et al. 1998) . The conformational changes of BoWSCP-His by addition of purified Chls were analyzed. After 200 pmol of BoWSCP-His was mixed with 0, 50, 100, 200 or 400 pmol of Chl a or Chl b under the same conditions as described above, the resulting solutions were separated on PAGE (detergent-free) using an 8% polyacrylamide gel. Fluorescence of Chls bound to BoWSCP-His was detected on a long wave UV transilluminator and the protein bands were visualized by Coomassie Brilliant Blue staining.
Construction of transgenic A. thaliana
To clarify the intracellular localization of BoWSCP, we constructed transgenic A. thaliana that expressed Venus fused with 19 residues of the N-terminal signal peptide of BoWSCP. By using a KOD-Plus-Mutagenesis Kit (Toyobo) and the primers 5 0 -GTTGGCTGCAGCTGTCTGCACCCACGGCGTGA GCAAGGGCGAGGACCTGTTCACC-3 0 and 5 0 -AGGAGAGTA ACTAGAAAAAAAGTCTTCATGGATCCTCTAGAGTCGACTG TAATTG-3 0 , 57 nucleotides corresponding to the N-terminal signal peptide of BoWSCP (underlined in the primers) were joined in-frame with Venus in the plasmid possessing its expression system (see Fig. 10A ). After digestion of the construct with HindIII and EcoRI, the DNA fragment containing the Cauliflower mosaic virus (CaMV) 35S promoter, Venus with the WSCP signal construct, and the nopaline synthase (NOS) terminator were ligated into the pBI101 vector (Clontech) pre-digested with the same restriction enzymes. The constructed pBI101 was used for transformation of Agrobacterium tumefaciens (GV3101 strain). Arabidopsis thaliana (ecotype Col-0) was transformed by the floral dip method established by Clough and Bent (1998) . The selection and growth of the transformant were performed on a 1.0% agar (WAKO) plate containing 1.0% sucrose, 1Â Murashige and Skoog (MS) salt, 50 mg ml À1 kanamycin and 250 mg ml À1 cefotaxime sodium salt. We constructed a transgenic A. thaliana which expressed non-modified Venus as a control.
Introduction of Venus in the transformants was confirmed by PCR analysis. Genomes of each transformant (T 2 generation) and the wild type (WT) were extracted by using Nucleon PhytoPure (GE Healthcare) according to the suppplied protocol. Amplification of nucleotides corresponding to the N-terminal signal peptide-fused Venus, and Venus itself was performed with a DNA polymerase and the primer set of Signal F (5 0 -AAGACTTTTTTTCTAGTTACTCTCC-3 0 ) and Venus R (5 0 -CTTGTACAGCTCGTCCATGCCGAG-3 0 ), Venus F (5 0 -GTGAGCAAGGGCGAGGACCTGTTC-3 0 ) and Venus R, respectively. The amplification conditions were 94 C for 2 min, followed by 30 cycles of 94 C for 1 min, 60 C for 30 s and 68 C for 1 min. Actin 8 was amplified as a control under the same condition with the primers 5 0 -GTTGCCATTC AAGCTGTTCTATCAC-3 0 and 5 0 -CCTGCTCCTCCTTAGACAT CTCTCC-3 0 .
Fluorescence microscopy analysis of transgenic plants
One-week-old roots of the T 2 generation of the transgenic plants were used for the fluorescence microscopy analysis. Venus was excited by blue light and the fluorescence from Venus was observed using Axioskop2 plus (Carl Zeiss). All fluorescence images were captured using Axio Cam (Carl Zeiss) and Axio Vision Rel. 4.8 (Carl Zeiss).
